Ligand-induced internalisation and subsequent downregulation of receptor tyrosine kinases (RTKs) serve to determine biological outputs of their signalling. Intrinsically kinase-deficient RTKs control a variety of biological responses, however, the mechanism of their downregulation is not well understood and its analysis is focused exclusively on the ErbB3 receptor.
Introduction
Molecular mechanisms controlling receptor downregulation that is assured by its internalisation, trafficking and eventually, proteolytic degradation, actively modulate responses cell-surface receptors generate following ligand stimulation, and have a profound influence on cell behaviour [1] . Ligand-induced receptor internalisation is a multipurpose process that gates routes towards both receptor degradation and signal abrogation, as well as to efficient activation of certain signalling pathways, including the Ras-MAPK cascade [2] . In agreement, imbalanced downregulation of a number of receptor tyrosine kinases (RTKs) through stimulation-triggered internalisation and degradation, has been linked to oncogenic transformation [1, 3, 4] . Thus, disruption of Met receptor degradation, following activation by its ligand, HGF, leads to a sustained activation of the Ras-MAP kinase pathway and oncogenic transformation in non-small-cell lung cancer [5] . Colony-stimulating factor-1 receptor mutations, which impair its internalisation and degradation, have been linked to myelodysplasia and acute myeloid leukemia [6] , and the mitogenic capacity of c-Kit receptor signalling is greatly enhanced in a mutant lacking a docking site for c-Cbl, a welldescribed regulator of receptor downregulation [7] .
A striking example of the power of naturally inefficient RTK downregulation is presented by a member of the EGF receptor (EGFR) group (conventionally called ErbB group), ErbB2. The high potency of ErbB2 receptor action is in part, assured by its ineffective internalisation and degradation, and by its ability to slow down ligand-induced downregulation of other ErbB receptors in heterodimers [8] [9] [10] [11] . This results in highly active and robust signalling, which in pathological situations, drives malignant cell behaviour in a variety of tumours, including those of breast, ovarian, gastric, and lung origins [12, 13] .The oncogenic potential that stems from inefficient ErbB2 downregulation, and from its ability to modify the internalisation and degradation of its signalling partners gives a strong indication of the biological importance of modulating the balance in these processes. Although the RTK family contains five intrinsically kinase-inactive members [14] [15] [16] [17] [18] and, while some of these molecules are known to have important biological functions [13, 19, 20] , our current understanding of the mechanism of their ligand-induced downregulation is incomplete and is limited to reports focused exclusively on another member of the EGFR group, the ErbB3 receptor. Furthermore, even the mechanism of ErbB3 downregulation is far from being completely understood, as this receptor appears to behave in an inconsistent fashion, demonstrating both internalisation-and downregulationdeficiency, or efficient downregulation in various models [21] [22] [23] [24] [25] [26] .
Interestingly, two of five known kinase-deficient RTKs belong to the Eph group of receptors [16, 17, 27] . The eph gene was initially identified in the late 1980's by Hirai et al. during a screen of the human genome for tyrosine kinase domains [28] . Today, sixteen Eph receptor tyrosine kinases have been described, including ten EphA (EphA1-EphA10) and six EphB receptors (EphB1-EphB6), and most of them, with the exception of EphA9 and EphB5, are expressed in mammals. Stimulation of Eph receptors with their ligands, ephrins, triggers receptor dimerization or oligomerization, auto-phosphorylation, and the initiation of cytoplasmic signalling [29] . Through their active signalling, Eph receptors control a wide range of responses, including rearrangements of the actin cytoskeleton, cell attachment, repulsion, migration, proliferation and survival, in a variety of normal and malignant cell types [30, 31] . In agreement, Eph receptors are actively involved in multiple biological processes, such as embryo development [32] , angiogenesis [33] , bone homeostasis [34] , regulation of T-cell functionality [35] [36] [37] , insulin production [38] and synaptic plasticity [31, 39] . Eph receptors also play an important role in human malignancies, including breast, colorectal, prostate, brain, skin, lung, hepatocellular, and gastric cancers [40] . As both the EphA and EphB subclasses of Eph receptors contain an intrinsically kinase-dead member, EphA10 and EphB6, respectively [16, 17, 27] , it is likely that these kinase-inactive players may have an important role in Eph receptor signalling network. While, little is known about the mechanism or impact of EphA10 signalling, the EphB6 receptor is actively involved in a number of biological responses in normal physiological conditions [41] [42] [43] and in human malignancies [19, [44] [45] [46] [47] [48] . Being kinase-dead, EphB6 relies on ligand-triggered tyrosine phosphorylation provided by kinase-active family members, including EphB1 and EphB4, for signal transduction [45, 49] . This raises interesting questions about how stimulationdependent EphB6 receptor downregulation is organized and whether EphB6 follows the same route of elimination as its kinase-active partner, EphB4 [45] .
In this work, we dissect the mechanisms responsible for the ligand-induced downregulation of the kinase-dead EphB6 receptor, comparing EphB6 removal with the downregulation of the EphB4 receptor, which also has not been previously assessed. According to our observations, both receptors follow the same route in their downregulation, their degradation is preceded by internalisation through clathrin-coated pits and once internalised, both are targeted in a Rab5-dependent manner towards their degradation in the lysosomal compartment. In agreement with these observations, EphB6 co-expression does not alter the rate at which EphB4 is eliminated. Most notably, our work reveals that EphB6 interacts with the Hsp90 chaperone and this interaction appears to ensure EphB6 stability, as treatment with an Hsp90 inhibitor, geldanamycin (GA), reduces EphB6 presence, with the rate of EphB6 removal closely resembling ligand-induced downregulation. Moreover, stimulation of the EphB6 receptor with its ligand, ephrin-B2 results in a rapid disruption of EphB6-Hsp90 interaction at the cell membrane that precedes EphB6 removal. Both ligand-induced and GA-triggered EphB6 degradation responses are likely to be mediated by the same molecular mechanism, as GA treatment does not provide a consistent significant enhancement to stimulation-initiated EphB6 elimination. These observations support an intriguing model, where the process of EphB6 downregulation is initiated by EphB6-Hsp90 dissociation.
Overall, our data provide the first description of the routes of the stimulation-dependent downregulation of the kinase-deficient EphB6 receptor and its kinase-active partner, EphB4, and highlight a novel mechanism for RTK removal, which is associated with the ligand-induced disruption of a receptor-Hsp90 complex. This clarifies one of the pathways used by kinase-dead RTKs in their downregulation and may also help in understanding EphB6 action in normal physiological responses and in malignancy.
Materials and Methods

Antibodies
Antibodies for Myc, Erk2, -Tubulin, EphB4, Clathrin heavy-chain, EphB4, and Eps15 were from Santa Cruz Biotechnology, goat anti-human Fc (anti-hFc) was from Pierce Biotechnology, anti-EphB6 were from Santa Cruz, R&D Systems, and Sigma-Aldrich, anti-Hsp90 was from StressGen, and Goat F(ab')2 Anti-Human IgG (Fc) FITC was from Beckman Coulter. Ephrin-B2-Fc and fluorescein labelled anti-sheep IgG were purchased from R&D Systems.
Secondary antibodies linked to IR-dyes for Western blotting (anti-goat, anti-rabbit, anti-rat and anti-mouse) were purchased from Mandel Scientific. Anti-rat Alexafluor 594 was purchased from Cell Signalling.
Expression constructs and shRNA
The wild-type EphB6 receptor and EGFP-tagged EphB6 constructs were kindly provided by Dr. C.M. Roifman (Sick Children's Hospital, Toronto, ON). EphB4 and EphB4-EGFP constructs were purchased from OriGene Technologies, Inc. Myc-tagged EphB6 and an EphB6 mutant, lacking the cytoplasmic domain (EphB6) and a tyrosine to phenylalanine substitution mutant of EphB6 (EphB6 Y->F) were described previously [43, 45, 49] . Clathrin heavy chain (CHC) shRNA lentiviral particles and control non-silencing shRNA were purchased from Santa Cruz. RFP-tagged Rab5 was provided by Dr. Anderson from the University of Saskatchewan. An Eps15 mutant, DIII, was provided by Dr. Benmerah from the Institut Imagine, Paris, France.
Cell culture and generation of stable cell lines
Stable cell lines of HEK-293 cells [American Type Culture Collection (ATCC)], expressing either Myc-tagged EphB4 (HEK-B4-M), EphB6 (HEK-B6), EphB6 (HEK-EphB6), EphB6(Y->F) (HEK-EphB6(Y->F)), EGFP-tagged EphB4 (HEK-B4-EGFP), or Myc-tagged EphB6 (HEK-B6-M) were generated by electroporation using 20 g of DNA (70 ms, 140 V, ECM 830 electroporator; Harvard Apparatus Inc.). Cells were allowed to rest overnight and were then subjected to G418 (1mg/ml) (Calbiochem) selection for 30 days. Cells were lysed and screened for Eph receptor expression by Western blotting. Stable cell lines with clathrin heavy chain (CHC) knock-down were generated based on the HEK-B6 or HEK-B4-M cell lines, using CHC shRNA lentiviral particles (Santa Cruz) according to the manufacturer's instructions.
Cell stimulation
In all experiments involving stimulation, cells were treated with 1 g/ml soluble ephrin-B2-Fc precomplexed with 1.5 g/ml anti-human-Fc in serum free media. Precomplexed human IgG (Sigma) was used as a specificity control for Cruz) was used with no prior incubation [53] . Matching solvents were used as controls.
Flow Cytometry
To confirm cell surface expression of EphB6 mutants, cells were collected with 2 mM EDTA, washed in serum free media, and incubated with anti-EphB6 or matching IgG control (R&D Systems) for 40 min on ice. Labelled cells were washed twice with serum free media, and incubated with FITC-conjugated secondary antibody for 30 min on ice in the dark, washed twice with serum free media, and suspended in PBS for analysis.
For the ligand internalisation assay cells were stimulated for 30 min with 1g/ml eB2, washed with acidic PBS (0.2 M Acetic acid, pH 3.0) for 5 min 3 times, collected with 2 mM EDTA, and fixed with 1% formaldehyde in PBS, or fixed and permeabilised with 0.1% Triton-X-100 (Sigma). Cells were stained with anti-human IgG (Fc)-FITC.
In all experiments, staining was monitored by flow-cytometry using a Coulter Epics XL or a MACSQuant VYB ( Miltenyi Biotec) Flow Cytometer. Results were analyzed with the FlowJo software.
Cell Lysis, Immunoprecipitation and Western blotting
Following stimulation cells were washed once in serum free media and once with PBS to remove excess ligand and ions. Cells were detached from the surface of the plate in the lysis buffer (0. imaged using a 60X oil-immersion lens, whereas live cells were imaged at 40X. Live cell experiments took place in a heated imaging chamber maintained at 37 o C, with images collected prior to, and every 1 or 2 min for 20 min following the addition of ephrin-B2. All images have been subjected to deconvolution using Auto-Deblur (AutoQuant X3, Media Cybernetics). Images were processed using the Image J software (McMaster Biophotonics) and Adobe Photoshop CS6 (Adobe Systems Inc.). 3D-reconstruction was performed using the IMARIS 7.4.2 software (Bitplane). Pearson's correlation coefficients were determined using FIJI software [54] .
Results
The EphB6 receptor is actively downregulated in response to ligand stimulation
To assess the ligand-induced downregulation of the kinase-deficient EphB6 receptor, we compared it with the downregulation of its kinase-active signalling partner, EphB4 [45] . To do this, we generated cell lines with stable expression of EphB6 (HEK-B6) or EphB4 (HEK-B4-M) by transfecting human embryonic kidney cells, HEK-293, as these cells are commonly used as a model for this type of investigation [55] [56] [57] [58] [59] . A Myc-tagged version of EphB4 was used in these experiments to overcome a relatively low sensitivity of available anti-EphB4 antibodies ( Fig. 1 A&B) .
Cells were stimulated for up to 3 hours with a common ligand of the EphB6 and EphB4 receptors, ephrin-B2, and as an ephrin-B2-Fc fusion protein was used for the stimulation, human IgG (hIgG) was applied as a specificity control for the human-Fc portion of this chimera. Following previously reported models related to other Eph receptors, all stimulations were performed at 1 g/ml of ephrin-B2 [60, 61] . Receptor downregulation was monitored by Western blotting. These experiments showed that kinase-dead EphB6 and kinase-active EphB4 are efficiently downregulated, with both receptors being degraded following their activation ( Fig. 1 C&D) . EphB6 downregulation was also observed in MDA-MB-231 breast cancer cells with restored EphB6 expression, MDA-B6-M, which express Myc-tagged EphB6
(described in our previous work [45] ), and in a breast cancer cell line, HCC-70, that expresses this receptor endogenously ( Fig. 1 E&F) . This indicates that our initial observations were not restricted to HEK-293, and are relevant to the mechanism acting in other cell types, including human breast cancer cells.
One of the means by which the ErbB2 receptor imparts its biological effects is through a negative impact on the downregulation of its signalling partners [8] [9] [10] [11] . To determine if EphB6 also relies on this mode of action, we examined if EphB6 modulates EphB4 downregulation. EphB6 was transiently co-expressed in HEK-B4-M cells and ephrin-B2-induced EphB4 downregulation was monitored ( Fig. 1 G) . However, no consistent inhibition of EphB4 removal was observed, suggesting that EphB6 does not act by reducing the efficiency of downregulation of its signalling partners. Interestingly, we consistently could not observe downregulation of the EphB6 receptor in these experiments, most likely due to the extremely high level of continuous EphB6 production in the transient expression model.
Overall, these data demonstrate that the kinase-dead EphB6 receptor is efficiently downregulated in response to ligand stimulation in multiple cell types, and indicate that it is unlikely to function by suppressing downregulation of its kinase-active relatives.
EphB6 receptor downregulation depends on the functional properties of its cytoplasmic domain
As EphB4 acts as EphB6 partner and assures initiation of ligand-induced cytoplasmic signaling by this kinasedead receptor [45] , we transiently transfected HEK-B6 cells with EphB4-encoding cDNA to examine if EphB4 presence would increase the rate of EphB6 downregulation. Surprisingly, no enhancement in ligand-initiated EphB6 elimination was observed in HEK-B6 cells co-expressing the EphB4 receptor ( Fig. 2 A) .
This observation prompted us to examine the necessity of EphB6 interactions with cytoplasmic signaling molecules for its downregulation. To exclude the possibility that ligand-induced complexing of the EphB6 receptor on the cell membrane could be sufficient to trigger its removal, we took advantage of a previously described cytoplasmic domain deletion mutant of EphB6, EphB6 [45] , that completely lacks the cytoplasmic portion. Although our flow cytometry analysis revealed that EphB6 is successfully delivered to the cell membrane ( Fig. 2 B) , this mutation completely abolished EphB6 downregulation ( Fig. 2 C) , indicating that interactions with cytoplasmic molecules are likely to play a crucial role in EphB6 ligand-induced elimination. This observation is conceptually interesting, as a cytoplasmic domain deletion mutant of the kinase-dead ErbB3 receptor has been shown to undergo ligand-induced internalisation [24] . To further clarify the importance of the fully-functional cytoplasmic domain for EphB6 downregulation, a previously generated EphB6 mutant with all tyrosine residues in its cytoplasmic domain substituted for phenylalanines (EphB6 Y->F) [45] , was expressed in HEK-293 cells (Fig. 2 B) . Interestingly, no downregulation of this mutant was observed (Fig. 2 D) , confirming that intact cytoplasmic signaling motifs are required for EphB6 downregulation.
EphB6 and EphB4 downregulation is preceded by their internalisation through clathrin-coated pits
To further follow the route leading to EphB6 and EphB4 downregulation, we examined if they are internalised prior to their degradation. HEK-B6 or HEK-B4-M cells were treated with ephrin-B2-Fc, washed with acidic PBS, as previously described [62] , to remove receptor-bound ligand from the cell surface, fixed with formaldehyde, or fixed and permeabilised with Triton-X-100. Cells were stained with anti-Fc-FITC and analyzed by flow cytometry. A stronger staining was consistently observed in permeabilised cells, indicating that receptor-ligand complexes were efficiently internalised (Fig. 3 A) . No internalisation-related staining could be observed in control mock-transfected cells (HEK-pc3), confirming that the observed response was specific to EphB6 and EphB4 receptors.
The final step of internalisation culminates in pinching off the endocytic vesicle from the cell membrane, and this step is frequently controlled by a large GTPase, dynamin [63] . Indeed, degradation of both EphB6 and EphB4 was reduced when they were stimulated with ephrin-B2 in the presence of the dynamin inhibitor, dynasore [64] (Fig. 3 B&C), further confirming the importance of internalisation for the downregulation of these receptors. In some experiments, increased EphB6 receptor levels could be observed in the presence of dynasore, indicating that dynamin is also involved in mediating basal, ligand-independent EphB6 degradation.
In response to ligand stimulation, RTKs are often internalised through clathrin-coated pits (CCPs), structures formed on the inner surface of the cell membrane by a complex of proteins, including clathrin [65] . However some Eph receptors, including EphB1 and EphA2, have been shown to interact with caveolin-1, a protein associated with another endocytic membrane structure, caveolae [61, 66] . To examine if EphB6 and EphB4 preferentially use the CCP-mediated gateway, we took advantage of a previously described dominant-negative mutant of the Eps15 adaptor protein, DIII, [67] , as Eps15 is actively involved in CCP-dependent endocytosis [67] [68] [69] . This mutant lacks all Eps homology (EH) domains that target it to CCPs and represents only the DIII domain responsible for binding to the clathrin adaptor protein, AP-2. DIII prevents wild-type Eps15 from interacting with AP-2, which is required for receptor internalisation through CCPs, and has been shown to block CCP formation [67, 69] . In agreement, the stimulation-initiated downregulation was strongly reduced for both EphB4 and EphB6, when this mutant was expressed (Fig. 4 A-D) , strongly implicating CCP in the internalisation and subsequent downregulation of these receptors. In these experiments, the extent of DIII effects matched well the efficiency of its action reported by other groups [70] . To further verify the role of CCP-mediated internalisation in EphB4 and EphB6 downregulation, we partially silenced CHC expression in HEK-B6 and HEK-B4-M cells with CHC-targeting shRNA and as expected, this decrease in CHC level greatly reduced ligand-triggered receptor removal (Fig. 4 E-H) .
Overall, these data imply that both EphB4 and EphB6 rely on CCP-dependent internalisation for their downregulation.
Both EphB6 and EphB4 are degraded in the lysosomal compartment
Following activation and internalisation, a significant portion of receptor molecules are destined for degradation, which is often performed in the lysosomal compartment [71] . We monitored EphB6 and EphB4 ligand-induced relocalisation into these organelles in cells stained with the lysosomal-specific dye, LysoTracker Red [72] ( Trafficking of internalised receptors from the plasma membrane to lysosomes is in part, mediated by early endosomes that are actively regulated by the Rab5 GTPase [75] . In agreement, EphB6 and EphB4 downregulation was greatly impaired in the presence of a Rab5 dominant-negative mutant, Rab5 S34N [76] (Fig. 6 A&B) , suggesting that the endosomal route is involved in targeting them for degradation.
In sum, our observations show that the kinase-deficient EphB6, and kinase-active EphB4 receptors are efficiently downregulated in response to ligand stimulation. Both receptors follow the same pathway in their ligandinduced internalisation, trafficking and degradation, relying on CCPs for internalisation, dynamin for membrane scission and on Rab5 for cytoplasmic trafficking, whereas their degradation is carried out in the lysosomal compartment.
EphB6 stability is supported by the stimulation-sensitive interaction with Hsp90
Hsp90 is a well-documented chaperone responsible for the proper folding, stability, and turnover of a wide range of proteins [77] . In addition to its role in protein stability, Hsp90 has also been implicated in assisting in the maintenance of proteins at the cell surface and in ensuring the availability of receptors for ligand-binding [78] [79] [80] [81] . Our co-immunoprecipitation experiments showed that EphB6 also interacts with Hsp90, and that this interaction was rapidly disrupted by treatment with ephrin-B2. The effect could be readily observed after five minutes of stimulation (Fig. 7 A) . Similar experiments were performed with the EphB4 receptor, however, we were unable to consistently detect the EphB4-Hsp90 interaction. To determine the localisation of the EphB6-Hsp90 complexes affected by ephrin-B2 stimulation, EphB6-EGFP-expressing HEK-293 cells were stimulated with ephrin-B2 for 20 minutes and stained with anti-Hsp90. Interestingly, a strong colocalisation of EphB6 with Hsp90 was observed at the cell membrane in unstimulated cells and this co-localisation was very significantly reduced upon ephrin-B2 treatment.
While some minimal presence of cytoplasmic complexes was also observed, there was no major change in cytoplasmic EphB6-Hsp90 colocalisation in response to ephrin-B2 treatment ( Fig. 7 B, Fig. S 3 , and Movies S1 & 2).
These novel observations suggest that Hsp90 and EphB6 interact mostly at the cell membrane and to a lesser degree inside the cell, and that the interaction at the membrane is terminated following activation of EphB6 by its ligand.
To examine if the absence of Hsp90 support was sufficient to initiate EphB6 degradation, we treated HEK-B6 cells with the Hsp90 inhibitor, geldanamycin (GA) [82] . This treatment triggered EphB6 downregulation at a rate that was similar to the rate of its ephrin-B2-initiated removal (Fig. 7 C) . While GA application on its own resulted in strong EphB6 degradation, no consistent or statistically significant increase in the efficiency of ligand-induced receptor downregulation could be observed in response to simultaneous co-treatment with ephrin-B2 and GA (Fig. 7 D) . This lack of a significant enhancing effect indicates that stimulation-induced EphB6 downregulation and GA-initiated degradation are likely to rely on an overlapping molecular mechanism.
Overall, these observations suggest an entirely new model, where the rapid disruption of the EphB6-Hsp90 complex in response to ligand treatment may represent a key event in the initiation of EphB6 stimulation-induced downregulation.
Discussion
Stimulation-induced receptor downregulation through internalisation and subsequent targeted degradation play an important role in controlling cellular responses by both enhancing and suppressing cytoplasmic signalling [83] .
While these processes are well described for the EGFR receptor [84] , much less is understood about downregulation of Eph receptors. Available data are not systematic and imply that different Ephs may use very distinct mechanisms.
For example, ligand-induced downregulation of the EphA2 receptor relies on its degradation in the lysosomal compartment [85] , while in contrast, stimulation-initiated EphA3 elimination is mediated by proteasomal complexes [86] . Both EphA8 [87] and EphB1 [88] are endocytosed through CCPs following ligand stimulation, and internalised EphB1 is degraded in the lysosomal compartment inside the cell [60] . Unlike these examples, EphB2 proteolysis in response to ligand stimulation is performed by the -secretase complex and is triggered by the initial ligand-induced cleavage of EphB2 by metalloproteases at the cell membrane [51] . In this situation, it is not a surprise that despite the recent accumulation of data that highlight an important role for one of Eph receptors, EphB6, in both normal physiology and in malignancy [19, [41] [42] [43] [44] [45] [46] [47] [48] , the molecular mechanism of its downregulation has never been investigated. Such an investigation appears especially attractive in light of an unusual nature of this protein, which is kinase-inactive, despite its association with the Eph group of RTKs [27] . Until now, downregulation of only one other kinase-deficient RTK, the ErbB3 receptor, has been dissected and yet, even this remains not well understood, as multiple reports suggest that ErbB3 is internalisation-and downregulation-deficient, while some recent observations show that ErbB3 undergoes ubiquitination and is efficiently downregulated in response to ligand stimulation [21] [22] [23] [24] [25] [26] .
Our work presented here, attempts to systematically analyse the mechanism of ligand-induced downregulation of the kinase-dead EphB6 receptor, while comparing it with the downregulation of its kinase-active relative and signaling partner, EphB4 [45] , which also has not been previously assessed. It shows that similarly to the EphB4 receptor, EphB6 is actively downregulated in response to ligand stimulation and does not suppress EphB4 downregulation. In agreement, following treatment with their common ligand, ephrin-B2, both receptors are internalised through clathrin-coated pits and both are eventually, targeted towards their degradation in the lysosomal compartment in a Rab5-dependent manner. Efficient receptor internalisation requires separation of the endocytic vesicles from the cell membrane into the cytoplasm and the dynamin GTPase is usually in charge of this process [63] . Matching our other observations, ligand-induced downregulation of both EphB6 and EphB4 proved to require dynamin activitiy.
Although RTKs are frequently targeted for degradation by stimulation-triggered ubiquitination [89] , we could not detect an increase in EphB6 or EphB4 ubiquitination following ephrin-B2 treatment even in ubiquitin-overexpressing cells (not shown). This suggests that unlike some other RTKs, including ErbB3 [25] and EphB1 [60] , EphB6 and EphB4 may be targeted for lysosomal degradation by a ubiquitin-independent mechanism. Recently, a G proteincoupled receptor, PAR1, has been reported to act in a similar manner, as it is targeted for lysosomal degradation not by ubiquitination, but rather through its association with a multivesicular body protein, ALIX [90] . It is possible that ALIX is also involved in EphB6 and EphB4 targeting, and this possibility is under an active investigation in our laboratory.
The EphB6 receptor appears to involve one more interesting trait in its downregulation. In the absence of stimulation, EphB6 consistently interacts with the Hsp90 chaperone that is known to bind to and stabilize few other RTKs, including EGFR and ErbB2 [81, 91] . According to our confocal microscopy data, Hsp90 stabilizes the EphB6 receptor predominantly at the cell surface, as the EphB6-Hsp90 interaction is compartmentalized mostly in this area.
Intriguingly, the membrane-associated EphB6-Hsp90 complex is rapidly disrupted following ligand application and this response precedes EphB6 degradation, implying that EphB6 downregulation could be triggered by modifications caused by ligand-induced Hsp90 dissociation. This possibility is strongly supported by our data, showing that inhibition of Hsp90 activity results in EphB6 elimination at a rate that closely resembles the rate of its ephrin-B2-triggered downregulation. Moreover, Hsp90 inhibition does not produce any consistent significant increase in ligandinduced EphB6 removal, strongly suggesting that in both cases, receptor downregulation is executed by the same molecular mechanism that is most likely initiated by the lack of Hsp90 activity. This is in contrast to EGFR behaviour, which has been reported to be downregulated much more efficiently when simultaneously treated with its ligand, EGF, and GA in comparison to each individual treatment alone [92] .
This mode of action has not been reported previously in relation to ligand-induced receptor degradation, and it remains to be seen if it represents a frequent approach to downregulation of Eph receptors or RTKs in general, or if it is EphB6-specific. Interestingly, the Eph group contains one more kinase-deficient member, the EphA10 receptor [16] . Its functional properties are still enigmatic and it would be curious to see if its downregulation is also governed by Hsp90.
At this stage, Hsp90 inhibitors are being tested in clinical trials for treating ErbB2-overexpressing breast cancer [93] . As previous observations indicate that the EphB6 receptor acts to suppress breast cancer aggressiveness [44, 45] , our current data, showing that Hsp90 inhibition reduces EphB6 presence, suggest that this approach should be applied with caution to EphB6-expressing breast cancer tumours. To clarify this, potential unfavorable aspects of Hsp90 inhibition are currently being analyzed in our animal model of EphB6-positive breast cancer.
Overall, our work provides the first description of the route of ligand-induced downregulation of an intrinsically kinase-deficient member of the Eph group of RTKs, EphB6, and shows that EphB6 is removed in a manner that is very similar to the mode of downregulation of its kinase-active relative, the EphB4 receptor. Perhaps more importantly, our observations present the first example of Eph receptor interaction with the Hsp90 chaperone and reveal that stimulation-dependent EphB6 degradation is preceded by the disruption of its association with Hsp90, which likely acts as downregulation trigger (Figure 8 ). To our knowledge, this model has not been previously (Fig. 1 C) . EphB4 expression was confirmed with anti-EphB4. B) HEK-293 cells with stable expression of an EphB6 mutant lacking the cytoplasmic domain (HEK-EphB6) or a tyrosine-deficient EphB6 mutant with all cytoplasmic tyrosine residues mutated to phenylalanine (HEK-EphB6 (Y->F)) were generated as in (Fig. 1 A) . HEK-EphB6 and HEK-EphB6 (Y->F) cells were stained with anti-EphB6 and FITC-conjugated secondary antibodies.
Staining with a matching IgG control and staining of mock-transfected HEK-pc3 cells were used as specificity controls in each experiment. Cell debris were gated out and cell staining was analysed by flow cytometry. C) HEK-B6 and HEK-EphB6 cells were stimulated with eB2 for the indicated time periods and receptor downregulation was monitored and assessed as in (Fig. 1 C) . D) HEK-EphB6 (Y->F) downregulation was analyzed as in (Fig. 1 C) . HEK-B6 cells were used as a control. Each graph summarises the analysis of three independent experiments, bars, SD. *, assessed and presented as in (Fig. 1 C) . C) HEK-B4-M cells were treated as in (B) and EphB4 downregulation was monitored as in (Fig. 1 C) . All Western blot and Flow cytometry panels in this figure represent one of at least three independent experiments. Each graph summarises the analysis of at least three independent experiments, bars, SD. *, P < 0.05, Student's t test, for indicated points and corresponding controls, as shown. transfected with a dominant-negative mutant of Eps15 (DIII) or an irrelevant cDNA as a control and stimulated for the indicated time periods with eB2. EphB6 downregulation was monitored and assessed as in (Fig. 1 C) . B) DIII expression in samples from (A) was examined by Western blotting with anti-Eps15; Western blotting with anti-Erk2 was used as a loading control. C) HEK-B4-M cells were transfected and treated as in (A), and EphB4 downregulation was analyzed and presented as in (Fig. 1 C) . D) DIII expression in samples from panel (C) was assessed as in (B). E)
HEK-B6 cells were transduced with shRNA targeting clathrin heavy-chain (CHC shRNA), or non-silencing shRNA (ns shRNA) in the presence of 5 g/ml of Polybrene overnight, and placed on puromycin selection (2 g/ml) for 3 days.
Selected cells were stimulated with eB2 for the indicated time periods and EphB6 downregulation was examined as in (Fig. 1 C) . F) CHC expression in samples from panel (E) was monitored with anti-CHC. G) HEK-B4-M cells were transfected and treated as in (E) and EphB4 downregulation was assessed as in (Fig. 1 C) . H) CHC levels for panel G were monitored as in (F). All Western blot panels in this figure represent one of at least three independent experiments. Each graph summarises the analysis of at least three independent experiments, bars, SD. *, P < 0.05, Student's t test, for indicated points and corresponding controls as shown. magnification with an Olympus FV 1000 confocal microscope prior to, and at each minute following the addition of eB2 (1g/ml) for a total of 20 min. Images were deconvoluted using AutoQuant X3. Scale bar is equal to 10 m.
Pearson's coefficient was determined using FIJI software, and values shown represent values obtained from at least
cells selected from 3 independent experiments. B) HEK-293 cells expressing EphB4-EGFP (HEK-B4-EGFP)
were seeded, stained, treated, and visualized as in (A). In both A and B, graphs represent quantifications of colocalisation of LysoTracker Red with EphB6 or EphB4 using Pearson's correlation coefficient. Values were obtained from at least 50 cells from 3 independent experiments for each receptor. ***, P < 2 X 10 -6 . C) HEK-B6 cells were pre-treated with 100 nM of a lysosome inhibitor, chloroquine (CQ), for 2 h and stimulated with eB2 for the indicated time periods. Receptor degradation was analyzed and presented as in (Fig. 1 C) . D) HEK-B4-M cells were treated as in (C), and EphB4 degradation was monitored as in (Fig. 1 C) . E) HEK-B6 cells were pre-treated with 25 mM of NH4Cl for 1 h and stimulated with eB2. EphB6 degradation was monitored and presented as in (Fig. 1 C) . F)
HEK-B4-M cells were treated as in (E) and EphB4 degradation assessed as in (Fig. 1 C) . All Western blot and confocal microscopy images in this figure represent one of at least three independent experiments. Each graph summarises the analysis of at least three independent experiments, bars, SD. *, P < 0.05, Student's t test, for indicated points and corresponding controls, as shown. (Fig. 1 C) . Expression of the mutant Rab5 was confirmed by Western blotting with anti-HA. B) HEK-B4-M cells were transfected and treated as in (A), and EphB4 degradation was assessed as in (Fig. 1 C) . All Western blot panels in this figure represent one of at least three independent experiments. Each graph summarises the analysis of at least three independent experiments, bars, SD. *, P < 0.05, Student's t test, for indicated points and corresponding controls, as shown. Movie S1: Hsp90 colocalises with EphB6 at the cell membrane. HEK-293 cells expressing EphB6-EGFP were treated with hIgG for 20 min, fixed, permeabilised, and stained with anti-Hsp90 and Alexaflour-594-labelled anti-rat antibodies (red). Images were acquired with an Olympus FV-1000 confocal microscope using a 60X oil-immersion objective lens. Z-stack images were taken at 0.43 m intervals and the 3D representation was constructed using the Imaris software. Image represents one of three independent experiments.
All-red cell in the movie lacks EphB6-EGFP expression and represents a case of inefficient transfection. 
